Objective: It is well known that advancing paternal age is associated with an increased risk of schizophrenia in offspring, but the mechanism behind this association remains unknown. This study investigates if delayed fatherhood rather than advancing paternal age per se might explain the increased risk of schizophrenia in offspring associated with advancing paternal age. Methods: This is a registerbased study of the Swedish population looking at people born 1955-1985 who have 1 or 2 siblings (n = 2 589 502). The main analysis investigated whether the association between advancing paternal age and schizophrenia was explained by delayed fatherhood. Possible confounding factors were taken into account. Cox regression was used throughout. Results: In the main analysis the association between advancing paternal age and increased risk of schizophrenia in offspring disappeared after controlling for delayed fatherhood (hazard ratio [HR] = 0.93, 95% CI = 0.72-1.21 comparing 45+ years old fathers to those 25-29), whereas delayed fatherhood showed an association with increased risk of schizophrenia in offspring comparing 35-39 and 40-44 years old fathers to 25-29 year olds (HR = 1.37, 95% CI = 1.18-1.58; HR = 1.81, 95% CI = 1.44-2.28, respectively). The results remained when controlling for possible confounders. Conclusions: This study suggests that the association between paternal age and schizophrenia is not due to paternal age per se, but rather to an unknown factor associated with both delayed fatherhood and schizophrenia.
Introduction
The association between advancing paternal age and increased risk of schizophrenia in offspring is well established. [1] [2] [3] [4] [5] [6] [7] [8] However, the mechanism behind the paternal age effect remains unknown. In recent years focus centered on the hypothesis that an increasing number of de novo mutations in the male germ cells, due to advancing age, might explain the association. 9 This is an appealing hypothesis since it would explain how the incidence of schizophrenia seems to remain stable although the fecundity is lower among persons with schizophrenia compared with the general population. 10 In a study published in 2011, Petersen et al 11 hypothesize that delayed fatherhood (advanced age when the first child was born), rather than advancing paternal age per se contribute to the paternal age effect. This explanation indicates the presence of factors that are associated with both delayed fatherhood and increased risk of schizophrenia in offspring. These factors could be environmental, such as urban culture, and/ or genetic (ie, paternal genetic traits, eg, impaired social functioning).
The main objective of this study is to examine if the association between advancing paternal age and schizophrenia in offspring is explained by delayed fatherhood rather than advancing paternal age per se, while taking possible confounders into account. An additional objective is to examine whether paternal/sibling nonaffective psychotic disorder (a crude indicator of genetic traits) could explain the association between delayed fatherhood and offspring nonaffective psychotic disorder.
Methods

Population
The study population (N = 2 589 502) was identified via the Multi-Generation Register (held by Statistics Sweden). The participants were born between 1955 and 1985, had 1 or 2 paternal siblings and had information regarding both their biological father and mother. The number of siblings was restricted to prevent confounding since larger family size increases the risk of schizophrenia in the family. 10 Individuals diagnosed with nonaffective psychotic disorder or schizophrenia before 15 years of age were excluded as well as those who emigrated or died before 15 years of age (n = 118). First born children and their twins (defined as having the same father and being born the same day or the day after) were excluded (n = 1 295 321) because the age at fatherhood (birth of first child) would be the same as the paternal age per se in this group. Selecting second and third born offspring enabled a comparison between the effect of delayed fatherhood with the effect of paternal age per se. The final study sample consisted of 1 294 063 individuals. levels, depending on each municipality's degree of urbanicity, with a gradual decrease from the urban city municipalities to very rural areas. Paternal unemployment was defined as being employed or not. Maternal age at birth was derived from the Multi-Generation Register and categorized into 6 age groups: <20, 20-24, 25-29, 30-34, 35-39, and ≥40 years.
Outcome
Statistical Analyses
We performed Cox regression analyses using Stata version 13 for Windows. Time at risk was defined as time from 15 years of age until diagnosis of nonaffective psychotic disorder (including schizophrenia), emigration, or death. All estimates were adjusted for sex, date of birth, and maternal age. Separate analyses for nonaffective psychotic disorder (including schizophrenia) and schizophrenia (other nonaffective psychotic disorder excluded from the control group) were performed. The analyses were performed in 2 steps: Main analysis was performed in order to examine explanatory factors of the association between advancing paternal age and schizophrenia, ie, whether advanced paternal age is explained by delayed fatherhood taking maternal age and urbanicity into account (figure 1). The next step of analysis tested whether a crude marker of paternal genetic traits (paternal/sibling nonaffective psychotic disorder), which could potentially explain both delayed fatherhood and offspring schizophrenia, had an effect on the estimates. Additionally, the following possible confounding factors were taken into account: maternal age, paternal age, nonaffective psychotic disorder in mother, urbanicity, and paternal unemployment (figure 1).
Logistic regression was used to analyze possible differences between those included in the study and those excluded due to missing data.
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Results
Population
Among the 1 294 063 individuals (51.5% male and 48.5% female) in the study sample, 9559 (52.6% male) were diagnosed with nonaffective psychotic disorder and 3829 (65.8% male) of these were diagnosed with schizophrenia during follow-up. 118 122 individuals had missing data on at least one of the variables: level of urbanicity (n = 100 613) or paternal unemployment (n = 62 056). There were no differences between those included in the study and those excluded due to missing data regarding association with sex (OR = 1.0, 95% CI = 1.0-1.0), diagnosis of nonaffective psychotic disorder (OR = 1.0, 95% CI = 0. Model 4) . It seems that in our population the risk associated with advancing paternal age is fully explained by delayed fatherhood (or expressed another way: delayed fatherhood confounds the apparent association between advanced paternal age and offspring schizophrenia).
Analysis of Delayed Fatherhood
There was a statistically significant increased risk of developing schizophrenia or nonaffective psychotic disorder in association with delayed fatherhood if the father was 30 years old or older when his first child was born compared with the reference group of 25-29 years of age (HR = 1.12, 95% CI = 1. Our results also indicate that the risk of offspring nonaffective psychotic disorder or schizophrenia is decreasing in the oldest first time fathers (45+ years). However, the estimates in this group are not statistically significant.
Discussion
In this study we show that the paternal age effect is explained by delayed fatherhood rather than by advancing paternal age per se. This is in agreement with the study by Petersen et al 11 and means that offspring to older first time fathers are at a higher risk of developing schizophrenia or nonaffective psychotic disorder compared with offspring of older fathers who already have children.
Possible mechanisms previously suggested as explanations to the paternal age effect can broadly be divided into environmental (including epigenetic mechanisms) and genetic. We have previously shown that the effect is unlikely to be due to the environment associated with growing up with an aged father (eg, increased risks of bereavement and early separations) by examining the effect of adoptive paternal age on adoptees. 12 This does not rule out other kinds of environmental effects that would delay fatherhood or lead to epigenetic changes such as urban culture and exposure to toxins. The genetic mechanisms that have been put forward are (1) de novo mutations in the germ cells and (2) genetic traits leading to both delayed fatherhood and schizophrenia. Mutations in the genome occur in cell division and are more likely to occur with increasing number of divisions. 13 As there is an increase in the number of germ cell divisions with advancing age this leads to an increased risk of de novo mutations in offspring to aging fathers 9 but there is no strong evidence of an association between these mutations and schizophrenia. [14] [15] [16] Further, the de novo mutation hypothesis is not supported by this study; on the contrary the results suggest other mechanisms. Genetic traits, eg, personality characteristics such as impaired social functioning connected to increased risk of schizophrenia as well as delayed fatherhood is one possible explanation. 17 This hypothesis would also be congruent with the results from recently published studies exploring endophenotypes connected with schizophrenia and the lack of differences found in association with paternal age, 18, 19 indicating a presence of these endophenotypes unrelated to advancing paternal age per se. In the present study we were only able to examine a very crude indicator of paternal genetic traits (ie, an inpatient diagnosis of nonaffective psychotic disorder in father or sibling) and we found no support for an effect. Future studies should explore more subtle measurements of genetic trait, eg, impaired social functioning. Interestingly, impaired social functioning has been associated with both advancing paternal age 17 and later development of psychosis. 20 This study is a comprehensive register-based study of the Swedish population. The study relies on register-based case ascertainment from the National Patient Register which has been validated and proved reliable for epidemiological studies. 21 The coverage for psychiatric clinics in the National Patient Register became nationwide 1973. This decreases the possibility to detect psychiatric disorders in parents while detection of psychiatric disorders in siblings will be more comprehensive. There will still be misclassification in both parental and sibling measures further blunting the measurement of parental genetic traits. The youngest age group is only 21 years old in 2006 when follow-up ends. This affects the absolute number of diagnosed individuals, ie, the lifetime risk will be underestimated. In our analyses we estimate risks based on number of individuals per years at risk (ie, using Cox regression) rather than lifetime risk, thereby partly taking this into account.
Our results are congruent with the hypothesis that the paternal age effect is due to factors delaying fatherhood. The mechanisms behind remain to be established.
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